Together with recent advances in the processing and culture of human tissue, bioengineering, xenotransplantation and genome editing, Induced pluripotent stem cells (iPSCs) present a range of new opportunities for the study of human cancer. Here we discuss the main advantages and limitations of iPSC modeling, and how the method intersects with other patient-derived models of cancer, such as organoids, organson-chips and patient-derived xenografts (PDXs). We highlight the opportunities that iPSC models can provide beyond those offered by existing systems and animal models and present current challenges and crucial areas for future improvements toward wider adoption of this technology.
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Together with recent advances in the processing and culture of human tissue, bioengineering, xenotransplantation and genome editing, Induced pluripotent stem cells (iPSCs) present a range of new opportunities for the study of human cancer. Here we discuss the main advantages and limitations of iPSC modeling, and how the method intersects with other patient-derived models of cancer, such as organoids, organson-chips and patient-derived xenografts (PDXs). We highlight the opportunities that iPSC models can provide beyond those offered by existing systems and animal models and present current challenges and crucial areas for future improvements toward wider adoption of this technology.
The reprogramming of somatic cells into induced pluripotent stem cells (iPSCs)-cells that can be maintained in a self-sustaining pluripotent state equivalent to that of embryonic stem cells (ESCs)-is a technology that has infiltrated almost all areas of biomedical research [1] [2] [3] . iPSCs are derived from somatic cells through the transient exogenous expression of a set of transcription factors (TFs) and have two unique properties: they can be maintained indefinitely in culture in an undifferentiated pluripotent state, and they can be directed to differentiate into any cell type of the human body. Thus, the derivation of iPSCs from primary human cells offers unprecedented opportunities for creating disease models that capture the primary human cell genome. Although multiple iPSC-based models of monogenic and complex diseases have been created in the past few years 4, 5 , the potential of iPSC modeling in cancer research is just beginning to be explored.
Both basic and translational cancer research rely on model systems to recapitulate the malignant state at the molecular, cellular, tissue, organ and organism level. In recent years, the interest of the scientific community in the development of patient-derived models of cancer has been renewed by increasing concerns regarding the low translation rates of basic research findings and the realization that cancer is a much more complex disease than previously appreciated, along with recent advances expanding the usage of human tissues. Although preclinical cancer research has, in recent years, used primarily immortalized cell lines and genetically engineered mouse models, patientderived models, including conditional reprogramming (CR) 6, 7 , 3D organotypic cultures (organoids, cell-aggregate cultures, spheres, tissue explants and slices) [8] [9] [10] [11] [12] , patient-derived xenografts (PDXs) 13, 14 and organs-on-chips 15 are increasingly gaining in popularity. In this Perspective, we posit that iPSCs derived from malignant cells can offer yet another tool in the armamentarium of modern cancer research.
iPSCs and cancer modeling Current iPSC models of cancer and premalignancy. Early studies using transplantation of nuclei from mouse cancer cells showed that cancer genomes can be reprogrammed toward pluripotency 16, 17 . More recently, iPSCs and 'iPSC-like' cells have been generated from immortalized human cell lines [18] [19] [20] [21] [22] [23] . Although such studies can address questions pertaining to the reversibility of the cancer phenotype and its epigenetic determinants 24 , by erasing most of the latter through the reprogramming process, the most exciting application of induced pluripotency is perhaps the reprogramming of primary cells isolated directly from patients.
So far, only a few studies have succeeded at deriving iPSCs from primary malignant or premalignant cells. These are limited to myeloid malignancies, such as myeloproliferative neoplasms (MPNs)-including chronic myeloid leukemia, polycythemia vera and primary myelofibrosis-myelodysplastic syndromes (MDSs) and the MDS-MPN overlap syndrome, juvenile myelomonocytic leukemia [25] [26] [27] [28] [29] [30] [31] [32] . iPSCs from patients with these disorders have shown cellular and molecular phenotypes characteristic of the underlying disorders, such as altered differentiation potential, hematopoietic cell colony formation, cell proliferation and viability, gene expression changes, signaling aberrations and drug sensitivities. Incompletely reprogrammed 'iPSC-like' cells-cells that have not attained independence from exogenous expression of reprogramming TFs-have been generated from patients with pancreatic adenocarcinoma 33 . iPSCs have also been generated from patients with familial cancer predisposition syndromes resulting from germline mutations: Li-Fraumeni syndrome (TP53 mutation) 34 , Fanconi anemia (FANCA and FANCC mutations) 35 , familial platelet disorder (FPD) with a predisposition to acute myeloid leukemia (AML) (FPD/AML; RUNX1 mutation) 36 and breast cancer predisposition (BRCA1 mutation) 37 . Li-Fraumeni syndrome iPSCs showed defective osteoblastic differentiation and tumorigenic potential, and they captured gene signatures of primary osteosarcomas, a tumor type that commonly develops in these patients 34 .
General principles of cancer modeling with iPSCs. The derivation of iPSCs from cancer cells starts with the isolation and culture of malignant cells from a primary or metastatic tumor specimen obtained surgically, through biopsy or-in the case of hematologic malignancies-from a bone marrow aspirate or a blood sample (Fig. 1) . Normal iPSCs that genetically match the malignant iPSCs can be derived from the same cancer patients to provide paired tumor and normal iPSCs that share the same genetic background 29, 31, 33 . These can be derived in parallel, through the same reprogramming experiment from normal cells that frequently 'contaminate' a tumor specimen, and identified retrospectively through genetic analyses 29, 31 . Alternatively, matched normal iPSCs can be derived in independent reprogramming experiments from normal tissue separately obtained from an area adjacent to the tumor, from a skin biopsy or from the blood (in the case of nonhematologic malignancies) 24 . For reprogramming, gene transfer of the four TFs OCT4, SOX2, KLF4 and c-MYC, also known as Yamanaka factors, or of alternative factor cocktails is performed using various methods, such as retroviral, lentiviral, episomal or Sendai viruses 38 . Exogenous expression of these TFs induces massive epigenetic remodeling through processes poorly understood at the molecular level, which leads ultimately to the activation of an endogenous network of pluripotency regulators 39 . These establish a self-sustaining circuitry of autoregulatory loops that, thereafter, maintain a stable cell state that no longer requires the expression of the exogenous TFs 40 . TF independence-demonstrated either by the loss of the TF transgenes from the cells (if integration-free methods are used) or by their profound silencing (in the case of integrating vectors)-is thus a defining characteristic of fully reprogrammed, high-quality iPSCs 2, [40] [41] [42] . Established iPSC lines can in principle be maintained in culture indefinitely, expanded and cryopreserved without any loss of their genetic, epigenetic or phenotypic properties [43] [44] [45] [46] . Defined media and well-established culture conditions either on feeder cells (most commonly, mitotically inactivated mouse embryonic fibroblasts) or feeder-free exist both for the derivation and the maintenance of human iPSCs 47 .
For most experimental applications, the iPSCs need to be differentiated into the cell type that corresponds to the cancer of interest. This is informed by, first, our understanding of the cell of origin of a given tumor, and second, our ability to differentiate the iPSCs into this cell type. Most differentiation protocols harness insights from normal development to recapitulate this process 'in a dish' by introducing cocktails of growth factors and/or small molecules at defined times and concentrations. Evaluation of successful derivation of the desired cell type relies on the expression of lineage-specific surface markers or genes or on other tissue-defining properties. Cellular and molecular analyses hinge on comparisons with normal cells, differentiated from normal iPSC lines in the same way as the cancer-derived lines, which, ideally, should be isogenic or nearly isogenic-that is, derived, respectively, through genome editing or from a different cell type of the same individual, so that they share all germline (but not somatic) variants. If none of these controls is available, multiple unrelated normal lines should be used to account for phenotypic differences resulting from genetic background [48] [49] [50] [51] .
Current challenges and limitations of iPSC modeling of human cancers Technical challenges. A decade after iPSCs were first generated, why don't we have more iPSC-based cancer models? The two most crucial bottlenecks in the establishment of iPSC cancer models are the efficiency of malignant-cell reprogramming and the ability to differentiate iPSCs into the cell type of interest. A few published studies and anecdotal reports suggest that cancer cells are generally more refractory to reprogramming than normal cells 29 . However, the success rate of iPSC-line establishment might well be dependent on the cancer type, given that iPSC lines have been derived very successfully from several patients with MPNs [25] [26] [27] [28] [30] [31] [32] .
Cancer-associated mutations or genetic alterations can have strong-positive or negative-effects on reprogramming efficiency. For example, TP53 inactivation enhances reprogramming, whereas mutations in genes in the Fanconi-anemia pathway have detrimental effects on reprogramming efficiency 35, [52] [53] [54] [55] [56] . The possibility that some cancer-related genetic lesions might be incompatible with iPSC generation cannot be excluded, because such lesions may affect pathways that are required for the induction or maintenance of pluripotency. It is also conceivable that the cancer cell type might influence reprogramming efficiency owing to reasons related to the biology of the cell (epigenetic aberrations, impaired DNA damage response, accumulated DNA damage, genetic instability or oncogene-induced senescence) or because of technical impediments related to the inability to dissociate or induce the outgrowth of viable cancer cells from a tumor specimen. Not surprisingly, the first iPSC-based cancer models were derived from hematologic malignancies and premalignancies [25] [26] [27] [28] [29] , in which cancer cells can easily be obtained from blood or bone marrow aspirates as single cells in suspension. Although extended ex vivo growth-required for the derivation of conventional cancer cell lines-is not a prerequisite for reprogramming, some cell division is almost always required [57] [58] [59] . The prediction would thus be that iPSC lines might be difficult or impossible to derive from certain cancers, and the reasons will be difficult to pinpoint. The development of more standardized procedures for the processing of tumor tissues to maximize the recovery of viable cells, as well as optimized culture conditions to propagate them effectively, could make more tumor types and individual samples amenable to reprogramming. Circulating tumor cells (CTCs)-cells shed into the bloodstream by solid tumors-could also provide an alternative, more accessible source of cells for reprogramming, although one that might be skewed toward the most evolved clones, because CTCs often represent the tumor cells that give rise to metastases. New reprogramming methods affording very high efficiency and the use of reprogramming factors alternatively or in addition to the Yamanaka cocktail (for example, LIN28, NANOG, TP53 shRNA), ideally tailored to each cancer's genetic composition, might help to overcome refractoriness to reprogramming in some cases. Integration-free methods, i.e., methods that do not require the integration of foreign genetic material into the cell's genome, ensure the derivation of iPSC lines independent of the exogenous factors because these are lost from the cells in the absence of integration, and they eliminate concerns of insertional mutagenesis that might confound cellular phenotypes. However, vectors that integrate into the genome and can subsequently be excised can afford higher efficiency of derivation of cells than nonintegrating vectors, as well as analysis of clonality, given that viral integration sites facilitate the tracking of line provenance from distinct cells of the original tumor 29, 60 . The second limiting step is the derivation of cells of a defined cell type from iPSCs, which involves their directed differentiation to first specify a germ layer and then a specific lineage, often followed by terminal differentiation. Given that most, if not all, cancers arise from tissue-specific stem and progenitor cells 61 , iPSC cancermodeling applications will mostly require the-easier and fasterderivation of these rather than of terminally differentiated functional cell types that are often required in nonmalignant-disease-modeling applications 5, 29 . On the other hand, the evaluation of successful differentiation might be complicated by the fact that cancers often show aberrant expression of lineage markers. Improved differentiation protocols that afford high efficiency, scalability, use fully defined reagents and, ideally, are amenable to automation are still needed.
Because iPSC differentiation protocols mimic developmental processes, a general challenge of iPSC disease modeling is the discrimination of disease phenotypes from phenotypes of earlier developmental stages. This issue could, at least in part, be addressed by the use of conditional alleles that enable the introduction of a specific genetic modification at a later differentiation stage 62 . Alternatively, careful characterization of the stage of differentiation in which a cellular phenotype first manifests can be pursued by detailed step-wise phenotyping. Another potentially confounding factor is that most differentiation procedures give rise to cells that are developmentally more immature than their naturally existing counterparts, i.e., more similar to embryonic or fetal than adult cell types [63] [64] [65] . Although our ability to drive cell maturation in culture with improved protocols constantly increases, efforts should, in parallel, be made to thoroughly characterize disease-relevant phenotypes in the derivative cell types to determine which are dependent on developmental maturation and which, potentially, are not.
Genetic stability. Early studies raised concerns that iPSCs might be genetically unstable, as compared to other pluripotent or somatic cell types 66, 67 . However, sensitive methods using next-generation sequencing subsequently showed that most copy-number and singlenucleotide variants detected in iPSCs are pre-existent in the starting somatic cells, and that they are merely captured and amplified during iPSC derivation [68] [69] [70] . Most of the remaining mutations were shown to have been acquired during expansion in culture or during differentiation, and at a rate similar to that of normal adult somatic cells that is consistent with estimates of spontaneous mutation acquisition during cell division [70] [71] [72] [73] [74] . It is therefore now clear that reprogramming per se is not mutagenic, and that iPSCs are not inherently genetically unstable 44, 75 . However, these studies examined normal iPSCs and cannot exclude genomic instability as a feature of iPSCs from cancers. Even iPSCs from genetically stable cancers, as with all cultured cells, can acquire spontaneous genetic abnormalities that can be subjected to selection, if they confer a growth advantage, or cause genetic drifts if they are neutral 75 .The latter can often be induced inadvertently by manual manipulations that introduce clonal bottlenecks and are common practice in human pluripotent stem cell culture, such as single-cell subcloning or even routine manual passaging. On the other hand, because iPSCs can easily be grown as single cells and expanded, frequent monitoring using standard karyotyping and/or more sensitive molecular techniques, and in the case of a genetic drift, retrieval of the original genome, is feasible by single-cell subcloning of earlier passage cryopreserved cells.
Epigenetic instability, incomplete reprogramming and line-to-line variation. The reprogramming of the cancer genome to pluripotency induces dramatic global changes to the epigenome and transcriptome of the somatic cell 39, 40 . Occasionally, incomplete or aberrant reprogramming can produce cells with altered epigenomes and functional properties 76, 77 . Recent reports suggest that the reprogramming of established cancer cell lines or primary cells might often give rise to partially reprogrammed 'iPSC-like' cells, characterized by continuous dependency on exogenous TF expression [20] [21] [22] [23] . In one study, by reprogramming epithelial cells from primary pancreatic ductal adenocarcinoma, the authors were able to derive only 'iPSC-like' cell lines with features of pluripotency, such as the ability for tri-lineage differentiation in vitro and in vivo, but the cells remained dependent on TF expression 33 . Because partially reprogrammed cells exhibit variable functional and epigenetic properties, they should be clearly identified as such, and results obtained by using them should be interpreted with caution. Fully reprogrammed, high-quality iPSCs should be selectedafter stringent characterization according to well-established criteria of pluripotency and the demonstration of factor independence 46 . Bona fide iPSCs, by these criteria, have thus far been derived only from hematologic malignancies 25, 26, 28, 29, 31, 32 
into normal iPSCs or, conversely, corrected in cancer iPSCs, to provide complementary isogenic systems (Fig. 2b) . The two most common types of mutation that can be engineered using CRISPR-Cas9 are gene disruption through the introduction of frame-shifting indels, mediated by nonhomologous end-joining (NHEJ) in a gene-coding region, and point mutations through homology-directed repair (HDR), mediated through the co-delivery of a donor DNA template 85, 86 . The former can be used to mono-allelically or bi-allelically inactivate haplo-insufficient or classical tumor-suppressor genes, respectively, and the latter to model hotspot point mutations in cancer-promoting genes. The CRISPR-Cas9 system thus enables modeling of the two main classes of cancer mutations in their natural genomic context. The CRISPR-Cas9 system can also be used to introduce large-scale genetic lesions often found in cancers, including chromosomal deletions, inversions and translocations 29, 87 . Finally, conditional or inducible epigenetic editing using CRISPR-Cas9 can also provide a valuable tool with which to study the effects of specific gene-expression alterations at defined stages of cell differentiation 88 .
Modeling cancer progression.
Because reprogramming is a clonal process, iPSCs that capture distinct clones at different stages of cancer evolution, including dominant and minor clones, theoretically, can be generated by reprogramming a tumor specimen, and can be retrospectively identified on the basis of the distribution-clonal (present in most cells) or subclonal (present only in a fraction of the cells)-of their mutations in the original tumor 29 (Fig. 2c) . Another approach to modeling multistage cancer might involve the prospective modeling of the acquisition of co-operating events in iPSCs harboring premalignant or early-stage genetic lesions (Fig. 2d ). An 'iPSC-like' line from a human pancreatic ductal adenocarcinoma generated precancerous lesions that resembled pancreatic intraepithelial neoplasia in mice and progressed to invasive cancer 33 . This suggests that, at least in some cases, reprogramming might yield cells that 'revert' to a less aggressive cancer stage, presumably by altering the epigenetic state of the original cancer cells or selecting for cancer cells with a less-aggressive phenotype. More cancer-reprogramming studies are needed to clarify whether this is a common phenomenon and whether it reflects the dependence of particular cancers on epigenetic aberrations. Finally, by capturing early cancer stages, iPSC models offer a new platform through which to revisit and explore basic concepts and fundamental principles in cancer biology, such as cells of origin of cancers and cancer stem cells 61, 89 (Fig. 2e) .
Complex cancer genetics. Because iPSCs capture a cancer-cell genome, regardless of the extent to which we understand its drivers, they can be used to study cancers in which the genetic drivers are incompletely understood. Similarly, iPSC technology enables the capture and study of genomes harboring disease predisposition variants identified through linkage or association studies and, as such, enables their functional characterization 90 . iPSCs also provide a faster means of modeling complex genotypes (for example, chromosomal rearrangements, aneuploidy or cooperating gene mutations) that cannot easily be engineered in model organisms. Kotini et al. 29 used iPSC technology to capture the genomes of two patients with MDS harboring large deletions of chromosome 7q, which are found frequently in this cancer and span large chromosomal fragments that contain hundreds of genes, which are, in turn, divided among different chromosomes in the mouse. Through functional studies and a genetic rescue screen, the authors were thus able to functionally map a critical deleted chromosomal region and pinpoint specific genes of the donor cell type and altered differentiation propensity 45, [78] [79] [80] . Importantly, several studies have now shown that iPSCs do not exhibit greater phenotypic or transcriptional line-to-line variation than that of human embryonic stem cell (ESC) lines, and are thus not inherently epigenetically unstable 43, 81, 82 . In fact, accumulating evidence indicates that the major determinant of the transcriptional, epigenetic and functional (differentiation propensity) properties of iPSCs is their genetic makeup, validating them as models for genotype-to-phenotype cancer genetics studies 29, [48] [49] [50] [51] 83 . By contrast, their value as models of cancer epigenetics is less certain because epigenetic aberrations of the starting cancer cell are likely to have been reset or erased during reprogramming 39 . However, epigenetic alterations that are genetically determined (for example, owing to mutation of an epigenetic regulator) might persist or become re-established upon differentiation. Studies characterizing the epigenetic landscape of iPSC-derived cells, as compared to that of the starting primary tumor cells, might help to understand the limitations of these models and to interrogate the interrelationship between genetic and epigenetic lesions in specific cancers.
Applications of iPSCs in basic and translational cancer research
Basic cancer research. The characteristics that give iPSCs a unique status as cancer models are intimately linked to their properties as pluripotent cells. First, their unlimited self-renewal offers the opportunity to capture the entire intact genome of a single cancer cell and amplify it into an unlimited number of copies. Unlimited expansion can, at least theoretically, be achieved without phenotypic drifts (often observed in organoids or PDXs), because the pluripotent state is uniform, stable and self-sustaining in vitro 40, 46 . Second, their broad developmental potential offers the opportunity to examine the effects of a specific cancer genotype or a specific driver mutation, a mutation thought to drive oncogenesis, in different cell types and developmental stages, providing a unique system through which to address questions such as whether a specific tissue-restricted epigenetic environment is required for an oncogene to exert its tumorigenic potential, and whether common or distinct pathways operate downstream of a common oncogene in different tissues. It can also empower studies on the cell of origin of cancers, i.e., the normal cell type in which the transformation process was initiated by the acquisition of the first cancer-promoting mutation 61 , and aid the identification of commonalities among different types of cancer driven by a common oncogene in the search for broad therapeutic targets. iPSCs are particularly well suited to in-depth mechanistic studies because they provide a scalable source of homogeneous cellular material that allows for well-controlled experiments (Fig. 2) . Because they enable the study of phenotypes at the molecular and cellular level-phenotypes that are more proximal to disease mechanisms than phenotypes at the level of the organ or whole organism-they offer a reductionist approach for investigations into the underlying mechanisms of tumorigenesis, drug response and drug resistance (Fig. 2a) . The effects of specific genetic lesions on the cellular and molecular phenotype and the cooperation between co-occurring mutations can be studied in depth using genome-wide molecular analyses, because large cell numbers can be obtained relatively easily. For the same reason, genetic and chemical screens and other high-throughput analyses are possible.
Owing to the ease of single-cell subcloning, iPSCs are highly amenable to the introduction of precise genetic modifications by the CRISPR-Cas9 system or other genome-editing tools 84 . Specific gene mutations, individually or in combinations, can thus be engineered with a role in del(7q)-MDS. Finally, increasingly larger collections of iPSC lines from different genetic backgrounds with linked singlenucleotide polymorphism (SNP) or whole-genome sequencing data are becoming available, and these can enable studies on the influence of genetic variation in the tumorigenicity of a given oncogene and the interplay between genetic background and environmental factors in the malignant process.
Drug development. iPSC cancer modeling could also empower more translational-research areas, such as the identification and validation of therapeutic targets, preclinical efficacy and safety studies and compound screening for drug discovery and drug repurposing [91] [92] [93] [94] [95] . iPSC-derived cell types can provide a more relevant platform for highthroughput drug screening than can immortalized cell lines, fibroblasts or lymphoblastoid cells. A particularly attractive use of iPSC technology in drug development is toxicology testing, given that it is possible to generate a variety of healthy cells from normal (matched isogenic or nonisogenic) iPSCs, including hepatocytes, cardiomyocytes and hematopoietic cells, as well as organoids and organs-onchips derived from them, composed of tissues such as kidney, lung, intestine, liver or cholangiocytes [96] [97] [98] [99] [100] [101] [102] [103] [104] [105] . Cardiomyocytes derived from iPSCs from patients with breast cancer were shown recently to model at the cellular level the doxorubicin-induced cardiotoxicity manifested in the patients 106 . Such models of specific drug-induced toxicities can aid the understanding of the genetic basis and molecular mechanisms of these side effects. iPSC modeling also presents an opportunity for phenotype-based drug discovery 91, 107 . Phenotype-based drug testing and drug screening can be particularly attractive in cancers with no previously defined targets, and it is based on the identification of cellular phenotypes or other functional assays-for example, proliferation, apoptosis, activation of a particular signaling pathway or metabolic changes-that correlate with patient responses and can be used as surrogate assays predictive of a therapeutic response 108 .
For example, a hyperexcitability phenotype in neurons derived from iPSCs from patients with bipolar disorder was found to be responsive to lithium treatment and to correlate with patient responses 109 .
Precision oncology. iPSCs can be used to draw associations between genotype and drug responses and to identify biomarkers to inform patient selection for enrollment in clinical trials [109] [110] [111] . For example, the pharmacological reversal, using a selective sodium-channel blocker, of a hyperexcitability phenotype in sensory neurons derived from iPSCs from patients with the pain disorder inherited erythromelalgia was found to correlate with patient responses and specific patient mutations 111 . For such applications to materialize, large and diverse collections of cancer-derived iPSCs, capturing a range of cancer types and genotypes, will need to be assembled. This will require the formation of collaborative initiatives to support their derivation and characterization, as well as repositories for banking, documentation, authentication and distribution. Guidelines and good practices to safeguard against line misidentification and cross-contamination will be essential. Regulatory issues will need to be addressed to enable the sharing of materials while protecting donors' privacy, given that genetic information will be obtained from the lines. Finally, personal iPSCs, as companion diagnostics or as avatars to guide treatment tailored to individual patients, can also be envisioned 112 (Fig. 3) . A big challenge in these applications will be to align the timescales of model establishment to those of clinical decision-making. The establishment of iPSCs could be advantageous in this respect, because the time from harvesting the tissue to deriving the relevant cell type is, on average, 2-4 months, as compared to 2-6 months for CR and organoids and longer than 6 months for PDX models. Finally, with advances in regenerative-medicine applications, tissue and organ regeneration using normal autologous or histocompatible iPSCs might be possible for patients with cancer who are in need of tissue-replacement therapies owing to surgical resection or infiltration by malignant cells. 6, 7, 117 . CR is technically more simple than reprogramming to pluripotency, but is confined to epithelial tumors and gives rise to polyclonal populations. The cell state that CR induces and the properties of the cells that are produced using this method are not well defined. Several important aspects of this model, such as the ability for cell expansion, the degree of genetic and phenotypic drift over passage and its permissiveness to clonal growth and genetic manipulation, have not yet been explored. In contrast to CR, reprogramming to pluripotency can be-and typically is-performed in conditions preserving clonality (whereby individual iPSC lines are derived from a single starting cell) and thus gives rise to genetically homogeneous lines.
Intersection with organoids, organs-on-chips and PDX technologies.
iPSCs can also offer a window to higher-order modeling when combined with 3D organoid or organ-like culture or xenotransplantation. Simple, heterotypic 2D or 3D culture systems that incorporate niche elements of the tumor microenvironment can also be developed through co-culture with primary autologous, allogeneic or iPSCderived stromal cells. Organoid cultures consist of 3D structures that recapitulate aspects of the architecture of the tissue from which they were derived, and they can be initiated using differentiated cells, tissue-specific (or adult) stem and progenitor cells or human pluripotent stem cells (hPSCs, including ESCs and iPSCs) [118] [119] [120] . Organoids derived from primary resected tumors or biopsies have been recently reported [121] [122] [123] [124] [125] . iPSCs can be differentiated in embryoid body culture, and subsequently, embedded in extracellular matrix (ECM) to initiate organoid cultures with media appropriate for the respective tissue 9 .
Organoids have been derived from normal iPSCs and offer advantages over organoids derived from tissue-specific stem cells because the latter typically contain only the epithelial component of the tissue, whereas the former can contain multiple tissue cell types, including stroma and endothelium 126, 127 . Organs-on-chips are microfluidic devices composed of cell culture chambers and channels that allow for continuous perfusion. Organs-onchips have been made using primary cells or transformed cell lines and, very recently, human ESCs and iPSCs 128 . The transplantation of iPSC-derived cells into mice can further expand their experimental capabilities in an in vivo setting 33 . Such secondary PDX models, derived through an intermediate iPSC stage, could be useful in the approximately one-third of patients with cancer from which PDXs cannot be derived directly from primary cells. An intermediate iPSC stage would also enable the genetic manipulation of the cells before transplantation and the establishment of xenografts to, for example, express luciferase or a fluorescent protein to facilitate tracking or to introduce specific genetic modifications to study their effects on tumor growth in vivo. Concluding remarks A new era in preclinical cancer research is emerging, in which humanbased models are taking center stage and patient-derived cells are increasingly being used as primary discovery platforms. In this modern era of basic cancer research and precision oncology, iPSCs derived from patients with cancer can substantially expand the experimental repertoire applicable to human cells in ways that were hitherto restricted to model organisms. We envision that models for at least some cancers can be developed using iPSC technologies, and that these will occupy a unique place in this new era, bridging primary cells with immortalized cell lines by combining the physiological relevance of the former with the amenability to experimentation of the latter. Interdisciplinary collaborations between stem cell researchers, cancer researchers, physicians, translational scientists, bioengineers and drug developers will be paramount to harness the full potential of iPSCs as a new tool in this modern era of cancer research. p e r s p e c t i v e
